Non-insulin-dependent diabetes mellitus (NIDDM) is caused by peripheral insulin resistance and impaired beta cell function. Phosphofructo-1-kinase (PFK1) is a rate-limiting enzyme in glycolysis, and its muscle subtype (PFK1-M) deficiency leads to the autosomal recessively inherited glycogenosis type VII Tarui's disease. It was evaluated whether PFK1-M deficiency leads to alterations in insulin action or secretion in humans. A core family of four members was evaluated for PFK1-M deficiency by DNA and enzyme-activity analyses. All members underwent oral and intravenous glucose tolerance tests (oGTT and ivGTT) and an insulin-sensitivity test (IST) using octreotide. Enzyme activity determinations in red blood cells showed that the father (46 yr, body mass index [BMI] 22. 4 kg/m2) and older son (19 yr, BMI 17.8 kg/m2) had a homozygous, while the mother (47 yr, BMI 28.4 kg/m2) and younger son (13 yr, BMI 16.5 kg/m2) had a heterozygous PFK1-M deficiency. DNA analyses revealed an exon 5 missense mutation causing missplicing of one allele in all four family members, and an exon 22 frameshift mutation of the other allele of the two homozygously affected individuals. The father showed impaired glucose tolerance, and the mother showed NIDDM. By ivGTT, both parents and the older son had decreased firstphase insulin secretion and a diminished glucose disappearance rate. The IST showed marked insulin resistance in both parents and the older, homozygous […] Research Article
Introduction
Phosphofructo-1-kinase (PFK1) 1 (1) (ATP-D -fructose-6-phosphate-1-phosphotransferase, EC 2.7.1.11) is a glycolytic enzyme converting fructose-6-phosphate to fructose-1,6-bisphosphate (1) . PFK1 is known to represent a rate-limiting step in glycolysis (2) . Three different isoenzymes have been described: the liver, muscle, and platelet subtypes (2) . The inherited deficiency of muscle PFK1 (PFK1-M) is associated with a heterogeneous group of clinical syndromes, including hemolysis, excess glycogen storage, and exercise-induced myopathy (3, 4) . The most common syndrome, known as glycogenosis type VII or Tarui's disease (4), appears to be prevalent among people of Ashkenazi Jewish, Italian, or Japanese ancestry with an autosomal recessive transmission (5) (6) (7) .
Due to its central position in glycolysis in striated muscle and in ␤ cells, deficiency of PFK1 should be expected to cause the expression of a non-insulin-dependent diabetes mellitus (NIDDM) phenotype (8) . The additive effects of insulin resistance of striated muscle and impaired insulin secretion of the pancreatic ␤ cell are thought to cause NIDDM (9) (10) (11) (12) (13) . Striated muscle is the quantitatively predominant insulin-sensitive tissue metabolizing glucose. Since striated muscle expresses exclusively PFK1-M (2), loss of this subtype's activity should lead to peripheral insulin resistance (14). Nevertheless, Katz and co-workers (15) , in contrast to their own prediction, were unable to demonstrate such a resistance in PFK1-M-deficient patients using a hyperinsulinemic euglycemic glucose clamp technique, and explained this by glucose disposal into tissues other than muscle, e.g., liver. Haller and Lewis demonstrated additionally that excess peripheral glucose depletes cells of oxidative substrates in muscle metabolism (16) . Concerning insulin secretion of the pancreatic ␤ cell (17) , a coincidence between reduced PFK1 activity and impaired insulin secretion has been described in vitro (18, 19) , but was explained by primary phosphate depletion and consequently impaired secretion in the particular experimental setup used. Recently, Yaney and coworkers (20) demonstrated the presence of all three isotypes of PFK1 in rat-derived ␤ cell lines and islets at the protein level. In an extensive investigation of the complex regulation of the enzyme, negative by both ATP and citrate, and autocatalytically positive by AMP-dependent activation by fructose-1,6-bisphosphate, they concluded that PFK1-M contributed most of the activity under physiological intracellular conditions. Moreover, they proposed that the autocatalytic activa-tion of PFK1-M represents the basis for the oscillatory bursting behavior of glycolysis and ␤ cell activity and thereby also of insulin secretion. Yaney and co-workers also speculated that PFK1-M deficiency might cause some forms of diabetes (20) . The aim of this study was to evaluate a PFK1-M-deficient family as a natural knockout situation for a potentially diabetogenic mutation.
Methods
Patients. An Ashkenazi Jewish family of two parents and two sons was evaluated. Both father and the older son (son I) reported early fatigue with exercise from early childhood, whereas the mother and younger son (son II) were asymptomatic. Laboratory and physical findings, obtained by standard procedures, are listed in Table I . A detailed description of all family members was given elsewhere (21) . In addition to the criteria described there, we found typical diabetic background retinopathy in the father's right eye. Son I reported an episode of insulin treatment during hepatitis A infection in 1989 for 3 mo. At that time, he was treated with steroids of unknown dosage. Thereafter, the patient did not take any drugs. The mother was diagnosed as suffering from NIDDM during this study.
To exclude a different inherited trait leading to a potential prediabetic state, the father's brother (hereafter, uncle) was evaluated additionally for a subset of criteria.
Six male controls, characterized in Table I , were evaluated. Biochemical study of PFK1 activity in muscle biopsy. Muscle biopsies were obtained from the quadriceps muscles of the father and son I. The asymptomatic family members refused to consent to a biopsy. Biopsies, staining, and cytochemical reactions were performed as described elsewhere (5, (21) (22) (23) (24) .
Biochemical study of PFK1 activity in erythrocytes. The PFK1 activity in red blood cells (RBC) was determined in all family members as described elsewhere (21) according to the criteria of the International Committee for Standardization in Hematology (25) .
Genetic analysis of PFK1 genomic DNA. Genomic DNA was extracted from blood with the QIamp blood kit (QIAGEN GmbH, Hilden, Germany). Mutation analyses were performed by PCR amplification and either subsequent dideoxy chain termination sequencing (26) (exon 5) or restriction analyses (exon 22). The PCR fragments analyzed here were obtained with two primer pairs: for exon 5, upstream 5 Ј gTgTCACACAgggTTATCA and downstream 5 Ј ggACAggAgTTCTCTggA; for exon 22, upstream 5 Ј gTTTCTTTCTCCAgggTg and downstream 5 Ј CCATTACggTAACTCTCTTT. PCR was performed as described elsewhere (27) . Restriction analyses were done according to standard procedures (26) with the enzyme BanII from Boehringer Mannheim (Mannheim, Germany).
Oral glucose tolerance test (oGTT) . oGTTs were performed after 3 d of carbohydrate-rich meals. After a 12-h overnight fast, the patients ingested 75 g of solubilized glucose, and sampling of capillary blood for blood glucose and venous blood for insulin and C-peptide was performed at 0, 30, 60, 90, 120, 150, and 180 min.
Intravenous glucose tolerance test (ivGTT). For ivGTTs, 0.33 g glucose/kg body wt was injected intravenously as a 40% solution into the right antecubital vein within 2 min. Blood for insulin and C-peptide was drawn from a permanent cannula placed into the left radial vein while keeping the hand in a water bath at 44 Њ C, to obtain arterialized blood as suggested elsewhere (28) . Samples were drawn at 0, 1, 2, 3, 4, 5, 6, 8, 10, 20, 40, and 60 min. The glucose disappearance rate ( K g ) was calculated using the following formula, with Ln logarithm (29):
Insulin-sensitivity test (IST).
To determine insulin resistance, the IST established by Reaven and co-workers (30) was performed by parallel intravenous infusion of glucose (9 mg/kg·min), insulin (2 mIU/kg·min), and octreotide (0.5 g/min) (31) , and then sampling of capillary blood for blood glucose and venous blood for insulin and C-peptide at 0, 30, 60, 90, 120, 150, 160, 170, and 180 min after preparation, as for the oGTT. The IST has been demonstrated to be highly correlated with the results of the hyperinsulinemic euglycemic clamp (32) ( r ϭ 0.93 [30] and r ϭ 0.91 [33] , respectively). Since octreotide has been described to decrease liver glycolysis (34), we preferred this test due to methodological problems with the clamp as given above (15), and our experience with son I confirming absence of insulin resistance. In this test, insulin resistance correlates with the difference in the blood glucose rise, from baseline to steady state (mean of four measurements at 150, 160, 170, and 180 min), during infusion.
Euglycemic hyperinsulinemic clamp. Insulin resistance was also determined by euglycemic hyperinsulinemic clamps as described (30, 32) . The insulin infusion rate was 60 mIU/kg·h, and glucose was clamped at 90 mg/dl (4.9 mmol/liter). Six healthy controls matched for age and weight.
Assay conditions. Glucose was determined with a glucose analyzer (model 2; Beckman Instruments GmbH, Munich, Germany) and reagent kit (Beckman Instruments GmbH); insulin was determined by the Coat-a-count insulin kit (Diagnostic Products Corp., Cologne, Germany), and C-peptide was determined by C-peptide
Ln2
× RIA (Diagnostic Products Corp.), both using a gamma counter (Gamma C12; Diagnostic Products Corp.).
Results
Since a detailed description of the family has been published (21) , only a summarizing list of results is given in Table I . Concerning the PFK1 phenotype that refers to total PFK1-enzyme activity, father and son I showed ‫ف‬ 50% (55 and 48%, respectively) reduction of total PFK1 activity in RBCs, while the remaining three family members had an ‫ف‬ 25% reduction (Table I). Since 50% of total PFK1 activity in RBCs is contributed by the muscle subtype (25) in healthy controls, these results are compatible with complete and 50% reduction of PFK1-M, respectively. Genotyping by DNA analysis reflected these results and revealed a compound heterozygous (pseudodominant) inheritance. All family members showed G to A point mutation at the first nucleotide of intron 5, changing the invariant GT of the splice donor site to AT, and leading to exon 5 deletion by missplicing (Fig. 1 ). Father and son I additionally had a single base deletion of the nucleotide 2003 within exon 22, resulting in a frameshift leading to a stop codon 47 nucleotides downstream. This predicted the generation of a truncated PFK1-M protein with 16 altered amino acids at the carboxy terminus. The deletion alters a BanII restriction site in exon 22, leading to complete restriction of the patients carrying two wild-type alleles, and an RFLP of 81 bp in the father and son I carrying the heterozygous mutation for this deletion (Fig. 2) . All family members were negative for insulin antibodies, islet cell antibodies, and glutamic acid decarboxylase II antibodies, excluding an immunological reason for altered glucose metabolism. Glycosylated hemoglobin A1 c subfraction (HbA1c) is a long-term parameter for average blood glucose levels which is based on time-dependent nonenzymatic glycation of hemoglobin. HbA1c was elevated in the heterozygous diabetic mother, but normal in all remaining family members (Table I) .
However, father and son I are known to suffer from persistent hemolysis typical of PFK1-M deficiency (5, 6), and HbA1c is decreased by hemolysis (35) due to shortened half-life of RBCs. Therefore, fructosamine representing an intermediateterm parameter for average blood glucose levels independent of RBC half-life was determined. A pathological increase was observed in the mother and, less markedly, in the father, whereas the uncle and both sons were in the normal range. Fasting insulin (determined twice on different days) and proinsulin levels were elevated in both father and son I. Fasting blood glucose (determined three times on different days) was elevated slightly to 5.9 mmol/liter only in the father, and was in the upper-normal range in the (diabetic) mother and son I. oGTTs were performed to determine whether NIDDM, according to World Health Organization criteria, was present.
Results of oGTTs showed normal profiles for the uncle and both sons, impaired glucose tolerance for the father, and diabetes for the mother (Fig. 3) . Fig. 3 additionally shows results of an oGTT of son I using a 100-g glucose load, demonstrating an impaired response to this challenge. ivGTTs have been established to provide a sensitive index of ␤ cell function, particularly with regard to the rapid first-phase insulin response (28) . Therefore, results of ivGTTs were evaluated for insulin secretion, especially the first-phase peak, and glucose elimination. The first-phase insulin peak was missing completely in both father and mother, reduced significantly ( Ͻ 50% of the controls) in son I, and normal in son II (Fig. 4) . The glucose disappearance rate ( K g ) was decreased in all family members (Fig. 5, and Table I ). A previous study had evaluated insulin resistance in PFK1-M-deficient patients using euglycemic hyperinsulinemic clamps. Unexpectedly, this study did not reveal insulin resistance (15) . Therefore, we wondered whether the euglycemic hyperinsulinemic clamp would confirm this result. We tested son I, who did not have other possible causes of insulin resistance, such as elevated blood glucose or increased body mass index (BMI). Indeed, glucose infusion rates remained in the normal range (6.0 mg/kg·min in son I compared with 6.2 Ϯ 0.9 mg/kg·min in three lean controls), thus confirming the results of Katz and co-workers (15) . One explanation for this unexpected finding was that a high glucose uptake by the liver might compensate for decreased glucose uptake by the muscle. Therefore, we used a different technique to determine insulin resistance, and performed an IST with octreotide, which appears to inhibit glucose uptake by the liver (34) .
Indeed, the results of octreotide IST showed a reduced insulin sensitivity in all family members tested which was pronounced in mother, father, and son I, and moderate in son II (Fig. 6) . To control for the complete suppression of endoge- nous insulin secretion, we measured C-peptide, which remained as low as the fasting value in all four subjects throughout the test (data not shown).
Discussion
The pathogenesis of NIDDM involves a combination of peripheral insulin resistance and impaired ␤ cell function (9-13). Very little is known about the hereditary factors leading to a persistent prediabetic state, which in combination with additional genetic or environmental factors leads to development of NIDDM in later periods of life. Recently, some diabetic states were shown to be associated with certain mutations at the DNA level (36-44). One of these defects might concern a rate-limiting enzyme, e.g., in muscle glycolysis or in ␤ cell insulin secretion. Glucokinase as the most promising candidate for this role has been excluded for the majority of NIDDM patients, but was shown to cause a mild dominantly inherited form of NIDDM (38). Therefore, evaluating this PFK1-M-deficient family offers a chance to study its possible role in predisposing to NIDDM in humans (45, 46) . Insulin resistance might be expected in PFK1-M deficiency due to the fact that glucose disposal into striated muscle should be diminished markedly, since PFK1-M is the only subtype in striated muscle, and the rate-limiting step in glycolysis in this tissue. Impaired ␤ cell function, detectable as a loss of first-phase insulin secretion, should also be expected, due to delayed metabolic glucose sensing of the ␤ cell. Although the ␤ cell expresses all three PFK1 subtypes, loss of the predominant PFK1-M activity should lead to decreased ATP production and ATP/ADP ratio due to decreased glucose metabolism. As a consequence, inadequate activation of the ATP-dependent K ϩ -channel, diminished Ca 2 ϩ -influx, and reduced early insulin exocytosis might be expected (47) . In parallel, a decreased ATP/ADP ratio might upregulate the remaining subtypes of PFK1 (20) , and thereby increase glucose metabolism via the pentose phosphate shunt as a time-and ATP-consuming pathway. Nevertheless, both mechanisms clearly should not rescue loss of PFK1-M activity in vivo, since otherwise, excess glycogen storage was not present in affected patients, and excess glycogen storage is the characteristic feature of Tarui's disease.
The family evaluated in this study consists of three heterozygously PFK1-M-deficient, asymptomatic members (mother, uncle, and son II) and two homozygously affected, symptom- Figure 6 . Insulin sensitivity measured as capillary blood glucose response to parallel infusion of insulin, glucose, and octreotide as described in Methods.
atic members (father and son I), as shown by DNA analysis. Enzyme assays performed in RBCs confirmed these results (Table I , and Figs. 1 and 2) .
oGTTs revealed impaired glucose tolerance in the father and diabetes in the mother (Fig. 3) . The uncle, although older than the father (his brother), showed a normal oGTT. This fact supports the view that an independently inherited trait other than PFK1-M deficiency leading to NIDDM is unlikely. The diabetic oGTT of the mother cannot be attributed unambiguously to her heterozygous PFK1-M deficiency, since ( a ) a different inherited trait could not be excluded in the mother's family, and ( b ) the uncle (her brother-in-law), with a similar enzymatic status but leaner, was shown to react normally to the oral glucose challenge (Fig. 3) .
As theoretically expected, all four patients showed insulin resistance compared with the control group in the octreotide IST (Fig. 6 ). This could not be shown by previous studies (15) using euglycemic hyperinsulinemic clamps, a finding we reproduced in this study with the homozygous son I. The father and the older son I, both homozygously PFK1-M-deficient, showed a higher degree of resistance in the octreotide IST than the younger heterozygous son II. The mother, although heterozygous, showed the highest degree of insulin resistance, which might be explained by the additive effects of heterozygous PFK1-M deficiency, age, and obesity. Whereas the hyperinsulinemic euglycemic clamp failed to detect insulin resistance in the homozygously PFK1-M-deficient son I, probably due to compensatory glucose disposal into tissues other than muscle (15) , the measurement by IST used here revealed a good correlation between degree of PFK1-M activity and insulin resistance (Fig. 6) . As suggested earlier, the advantage of the octreotide IST in this setting is possibly due to efficient inhibition of liver glycolysis by octreotide (34) , which may be misleading in hyperinsulinemic euglycemic clamps. Insulin resistance should not be expected in the liver, which expresses the unaffected PFK liver subtype.
Evaluating the insulin secretion of the pancreatic ␤ cell, the ivGTT revealed a loss of first-phase insulin secretion in both parents, as well as a significant reduction (48) in the older son I. The loss of first-phase insulin secretion in son I provides compelling evidence for an important role for PFK1-M in ␤ cell glucose metabolism, because son I did not have significant fasting hyperglycemia and was not insulin resistant in the absence of octreotide, which excludes other known causes of impaired first-phase insulin secretion (49) . The first phase in the heterozygous younger son II might remain normal, due to the fact that ( a ) in contrast to other tissues, including muscle, glucokinase is the primary rate-limiting step of glucose metabolism within the ␤ cell (8) , and ( b ) the activity of PFK1-M in his ␤ cell (20, 50 ) is diminished by 50%, which appears to be sufficient for near normal glucose metabolism, at least at his age and BMI. The normal first-phase insulin secretion in the heterozygous son also supports the absence of further hereditary defects in insulin secretion in this family. Therefore, the reduction in the first phase of insulin secretion must be interpreted, at least in the older son I, as a direct consequence of loss of PFK1-M activity in the ␤ cell. The more pronounced reduction in the father's first phase in vivo may involve factors in addition to the loss of PFK1-M activity. A fasting blood glucose Ͼ 6.4 mmol/liter has been associated with loss of first-phase insulin secretion (49) due to glucose toxicity (51). The father's fasting blood glucose was 5.9 mmol/liter and, thus, below this threshold, which, however, might play some role. Additionally, insulin resistance increases with age thereby aggravating the resistance due to PFK1-M deficiency, and first-phase insulin secretion declines with age. The father also showed impaired glucose tolerance and elevated fasting insulin and proinsulin levels (50) (51) (52) . Although these arguments might explain decreased first-phase insulin secretion in the father, its complete loss is not well-explained by these secondary causes, and PFK1-M deficiency is very likely to contribute to this loss.
The data of this study support the proposal of Yaney and co-workers (20) that the PFK1-M subtype of PFK plays a predominant role in ␤ cell function, although both other isoforms, PFK1-C and PFK1-L were present in ␤ cells. The phenotype observed, i.e., lack of first-phase insulin secretion, may indicate that the ␤ cell bursting activity proposed to result from PFK1-M autocatalytic activation by its product may be required for rapid maximal insulin secretion.
In conclusion, homozygous PFK1-M deficiency seems to lead to a phenotype strongly predisposing to NIDDM. Even though this may escape detection in adolescents by screening tests (son I, Fig. 3 , and reference 15), it may cause impaired glucose tolerance, and may facilitate the development of late complications of clinical relevance typical for NIDDM in midlife, as suggested by the retinopathy seen in the father. Since the prevalence of clinically apparent PFK1-M deficiency is low (homozygous, 1 in 100,000; heterozygous, 0.7% in the general population) and restricted mainly to certain ethnic groups (53) , association studies based on PFK1-enzyme activity measurements in RBCs and subsequent DNA analyses in NIDDM patients will have to elucidate whether these alterations may account for a subgroup of type II diabetes patients.
